We studied cerebral autoregulation by analyz ing cerebral pressure-flow curves during cardiopulmo nary bypass (CPB) with alpha-stat (a-stat) acid-base management at 28 (n = 9) and 37°C (n = 9) in two groups of dogs. Cerebral blood flow (CBF) and cerebral meta bolic rate for oxygen (CMROz) were determined multiple times in each animal over an extensive range of cerebral perfusion pressure (CPP). The CPP was altered by chang ing perfusion flow rate. The dependence of CBF on CPP during normothermic and moderate hypothermic CPB was assessed using a block design analysis of covariance with CPP as the covariate. We anticipated maximal sta tistical power with this analysis to define if cerebral au toregulation was intact. This method of statistical analy sis was compared with the conventional interpretation by linear regression analysis. Animals were administered so dium thiopental until an isoelectric electroencephalogram was obtained to assure stable depth of anesthesia inde pendently of temperature effects. The animals were ran domly assigned to either temperature group. The CBF was determined by injection of radioactive microspheres at each of five target CPPs randomly allocated (50, 60, 70, 80, and 90 mm Hg). The brain oxygen content difference was defined as arterial minus superior sagittal sinus (SSS) oxygen content. No difference in CPP, hemoglobin, arte-510 rial carbon dioxide tension, or pH was seen between groups at any time period. In both groups, total CBF (tCBF) increased significantly with increasing CPP (p = 0.0 12 and 0.0 17 for normothermic and hypothermic CPB, respectively; CPP as covariate). The between-group dif ference in slopes (CPP x temperature effect) approached statistical significance (p = 0.059). For cerebral hemi spheric CBF (hCBF), autoregulation was also impaired (p = 0.007 and 0.015, respectively). There was a significant between-group difference in slopes with a steeper slope for normothermia (p = 0.032). An inverse relation for arterial minus SSS oxygen content versus CPP was found (p = 0.0001 for both groups). The Q I O (the ratio of cere bral metabolic rates for oxygen for a lOoC change in tem perature) was 3.8. In this study, using a block design analysis of covariance, tCBF was dependent on CPP dur ing normothermia and moderate hypothermia with deep barbiturate anesthesia. We conclude that during CPB with a-stat acid-base management, the autoregulatory plateau was not horizontal for either temperature. In ad dition, for supratentorial structures (cerebral hemi spheres), autoregulation was significantly more impaired for normothermia than for moderate hypothermia. Key Words: Cardiopulmonary bypass-Cerebral blood flow Cerebral autoregulation-Dog.
Summary:
We studied cerebral autoregulation by analyz ing cerebral pressure-flow curves during cardiopulmo nary bypass (CPB) with alpha-stat (a-stat) acid-base management at 28 (n = 9) and 37°C (n = 9) in two groups of dogs. Cerebral blood flow (CBF) and cerebral meta bolic rate for oxygen (CMROz) were determined multiple times in each animal over an extensive range of cerebral perfusion pressure (CPP). The CPP was altered by chang ing perfusion flow rate. The dependence of CBF on CPP during normothermic and moderate hypothermic CPB was assessed using a block design analysis of covariance with CPP as the covariate. We anticipated maximal sta tistical power with this analysis to define if cerebral au toregulation was intact. This method of statistical analy sis was compared with the conventional interpretation by linear regression analysis. Animals were administered so dium thiopental until an isoelectric electroencephalogram was obtained to assure stable depth of anesthesia inde pendently of temperature effects. The animals were ran domly assigned to either temperature group. The CBF was determined by injection of radioactive microspheres at each of five target CPPs randomly allocated (50, 60, 70, 80, and 90 mm Hg) . The brain oxygen content difference was defined as arterial minus superior sagittal sinus (SSS) oxygen content. No difference in CPP, hemoglobin, arte-rial carbon dioxide tension, or pH was seen between groups at any time period. In both groups, total CBF (tCBF) increased significantly with increasing CPP (p = 0.0 12 and 0.0 17 for normothermic and hypothermic CPB, respectively; CPP as covariate). The between-group dif ference in slopes (CPP x temperature effect) approached statistical significance (p = 0.059). For cerebral hemi spheric CBF (hCBF), autoregulation was also impaired (p = 0.007 and 0.015, respectively). There was a significant between-group difference in slopes with a steeper slope for normothermia (p = 0.032). An inverse relation for arterial minus SSS oxygen content versus CPP was found (p = 0.0001 for both groups). The Q I O (the ratio of cere bral metabolic rates for oxygen for a lOoC change in tem perature) was 3.8. In this study, using a block design analysis of covariance, tCBF was dependent on CPP dur ing normothermia and moderate hypothermia with deep barbiturate anesthesia. We conclude that during CPB with a-stat acid-base management, the autoregulatory plateau was not horizontal for either temperature. In ad dition, for supratentorial structures (cerebral hemi spheres), autoregulation was significantly more impaired for normothermia than for moderate hypothermia. Key Words: Cardiopulmonary bypass-Cerebral blood flow Cerebral autoregulation-Dog.
Cerebral blood flow (CBF) is felt to autoregulate over an extensive range of cerebral perfusion pres sure (CPP). It is generally accepted that, at CPP from 50 to 130 mm Hg, CBF is unchanged, that is, the autoregulatory plateau is horizontal. During car diopulmonary bypass (CPB) with a-stat acid-base management (stable CO2 content irrespective of temperature; Swan, 1984) , the cerebral circulation is also felt to autoregulate (Govier et aI., 1984; Mur kin et aI., 1987; Aladj et aI., 1991) . These studies indicate that CBF is independent of perfusion pres sure over a range as great as 20-100 mm Hg during moderate hypothermia. Other studies suggest that autoregulation may be impaired with deeper hypo thermia, perhaps as a consequence of vasoparalysis (Greeley et aI., 1989; Taylor et aI., 1992) . Thus, the influence of hypothermia on cerebral autoregulation during CPB is controversial. In contrast, little is known of cerebral autoregulation during normo thermic CPB.
How cerebral autoregulation is determined dur ing CPB may be open to interpretation as well. In most studies to date, data from measurements of CBF and perfusion pressure from multiple patients are usually pooled. Lack of a correlation between CBF and CPP by linear regression analysis is then taken to mean that autoregulation is preserved. Such an analysis assumes a linear cerebral pres sure-flow relationship over the range of perfusion pressures examined among all patients, which may not be the case. The known influences on CBF such as temperature, hematocrit, arterial carbon dioxide tension (P aC02) , anesthetic depth, and administra tion of vasodilators or vasopressors (Edvinsson et aI., 1993) are assumed to be controlled in an iden tical fashion for all subjects when CBF-CPP data are pooled. Control of all of these variables is quite difficult, especially in clinical studies. In addition, time-related decreases in CBF are not usually con sidered when analyzing pressure-flow curves with pooled data (Warach et aI., 1987; Rogers et aI., 1988; Prough et aI., 1991) . Clearly, such time related effects can influence CBF and confound in terpretation of the linear regression analysis of CBF-CPP data.
Thus, we hypothesized that (a) cerebral autoreg ulation might not be intact during a-stat CPB and (b) the experimental design and statistical analysis could influence the interpretation of whether auto regulation was intact. To address this issue, we have examined cerebral pressure-flow curves dur ing CPB with a-stat acid-base management over a CPP range of 50-90 mm Hg in each experiment, using a canine model. With this approach, CPP was altered in a random fashion by changing perfusion flow rate to control for time-related effects. Our experimental design allowed us to construct cere bral pressure-flow curves for each experiment. Such an approach permits a block design analysis of covariance (CPP as covariate). This approach in creases statistical power by controlling for individ ual experimental effects, thereby decreasing the re sidual mean square error term (Steel and Torrie, 1960a) . This statistical analysis was compared with the more common interpretation of cerebral auto-regulation based on pooled pressure-flow data us ing linear regression analysis. We have examined the cerebral pressure-flow relationship at two clin ically relevant temperatures for CPB (28 and 37°C).
METHODS AND MATERIALS

Experimental preparation
The study was approved by the Committee for Animal Experimentation at the University of Manitoba. Eighteen mongrel dogs (22 ± 3 kg) were studied. All animals were anesthetized with sodium thiopental (25 mg/kg). The tra chea was intubated and the animal ventilated with Oz. The minute ventilation was adjusted to maintain PaCOZ at 35-40 mm Hg. The dog was positioned in a stereotactic headframe in a modified sphinx position. Bipolar EEG electrodes were placed over the parietal hemisphere bi laterally and monitored by an Interspec Neurotrac in the raw EEG mode. Temperature was measured in the na sopharynx using a calibrated YSI telethermometer. An esthesia was maintained with isoflurane 1.3% end-tidal [1 minimal alveolar concentration (MAC)] (Steffey and Howland, 1977) during the surgical preparation. Follow ing thoracotomy, the isoflurane was discontinued for a minimum of 30 min and the EEG made isoelectric with a bolus of thiopental. A continuous infusion of thiopental was initiated at 10 mg kg -I h -I to maintain the EEG isoelectric during CPB. This was done to assure constant depth of anesthesia, independent of the effect that tem perature has on volatile anesthetic agent partial pres sures. Neuromuscular relaxation was achieved with pan curonium bromide.
A flow-directed catheter was advanced through the left femoral vein into the right atrium for central venous pres sure (CVP) monitoring. A femoral artery catheter was advanced into the distal aorta for mean arterial blood pressure (MABP) monitoring. A double-lumen (7.5 Fr) catheter was inserted into the left brachial artery for in termittent blood withdrawal. The superior sagittal sinus (SSS) was exposed by trephine and the posterior one third was cannulated nonocclusively by insertion of a 22gauge intravenous catheter. Continuous cerebrospinal fluid pressure (CSFP) measurements were recorded by inserting a 22-gauge spinal needle into the cisterna magna with the use of a micromanipulator (Narishige). A right thoracotomy was performed. The right atrium and prox imal aorta were cannulated with a single-stage 38 Fr atrial and J ostra 21 Fr or 24 Fr aortic cannula, respectively. Following the initiation of CPB, the left ventricle was vented by a cannula inserted through the right superior pulmonary vein, and the proximal aorta was occluded with a Seldinger vascular clamp.
All blood pressures and the CSFP were measured by calibrated Abbott transducers referenced to the intra auricular line. Data were recorded continuously on paper by an oscillograph (recorder model 7754A, Hewlett Pack ard) and intermittently on hard disk by an IBM PC-AT computer-based data acquisition system (Dataq Instru ments). The latter data are reported. Arterial and SSS blood gases and hemoglobin were measured befor� and after each microsphere injection by an ABL-3 Acid-Base Laboratory (Radiometer) at 37°C and not corrected for temperature.
Cardiopulmonary bypass was conducted utilizing a Travenol nonpulsatile roller pump with a Bentley 10 Plus bubble oxygenator and a Bentley arterial line filter (25 fLm). The roller pump and oxygenator were primed with 2.5-3.0 L of lactated Ringer's and 1-2 units (500-1,000 ml) of canine whole blood in CPDA-I solution. The blood was obtained 48-72 h before the experiment from a donor animal and refrigerated at 4°C. The animal was systemi cally heparinized with 300-400 IU/kg of heparin (Orga non: porcine intestine) and additional doses as required, to give an activated clotting time (ACT) ?400 s (Hemo chron 400). Throughout the experiment, the animal had an intravenous infusion of lactated Ringer's at 200-250 ml/h containing NaHC03• In Group N (normothermia), the intravenous solution contained 25 mEq/L of NaHC03 and in Group H (hypothermia), it contained 12.5 mEq/L. This was done to maintain a stable hemoglobin concen tration and acid-base state during the experiment (a-stat acid-base management). Norepinephrine (40 fLg) was in jected into the oxygenator coincident with initiating CPB to minimize the hemodynamic consequences. The ani mals were randomized to one of two groups: Group N (n = 9; 37°C), Group H (n = 9; 28°C). Following the initi ation of CPB, cooling or warming (if needed) commenced immediately in Groups H and N, respectively. Tempera ture was altered using a Travenol heat exchanger. In both groups of animals the mean CPP was maintained at 90 mm Hg for 30 min to allow the animal to stabilize. Once the temperature was stable (no drift over 5 min), the CPP was randomly allocated to each of the following five target pressures: 50, 60, 70, 80, and 90 mm Hg. The CPP was stabilized at the target pressure for a minimum of 10 min before flow determination.
Cerebral bl ood flow measurements
The radioactive microspheres, ultrasonicated in saline, were injected into the arterial cannula, -1 m proximal to the aortic root, after the P aco2 was stable between 35-40 mm Hg. If the P aco2 could not be stabilized in this range by adjusting the Oz flow to the oxygenator, CO2 was added with a Sechrist mixer. Approximately 2.5 x 106 micro spheres (15 fLm diameter) were injected into the ar terial cannula. This number of microspheres assured >400 microspheres/sample for accurate blood flow mea surement (Heymann et aI., 1977) . The randomly selected microspheres were labeled with 46SC, 85Sr, 141Ce (3M Company) or 95Nb, 11 3 Sn (New England Nuclear). A Har vard pump withdrew a reference blood sample for deter mination of organ blood flow (25 ml) from the brachial artery for 240 s, starting 15 s before injection of each microsphere.
At the end of the experiment a lethal dose of thiopental was injected. The entire brain was excised. Following removal of the pia mater, the brain was sectioned into specific regions (left and right frontal, parietal, and oc cipital cortex, subcortical structures, cerebellum, and brainstem). The organ and blood samples were placed in a 'Y counter (LKB 1282 Compugamma) after being weighed. Counts/min were converted to regional blood flow (ml 100 g-I min -I) with the use of standard equa tions (Hales, 1974) .
Total CBF (tCBF) in ml 100 g -I min -1 was determined by summing weighted flows to all brain regions and di viding by total brain weight. Similarly, cerebral hemi spheric CBF (hCBF) and brain stem CBF (bsCBF) were determined by the summation of weighted flows to the cerebral hemispheres and brain stem, respectively. The
CPP was measured as (MABP -mean CSFP) and cerebral metabolic rate for O2 (CMROz) as hCBF x (Art -SSS O2 content» in ml Oz 100 g -I min -I .
Statistical anal yses
Changes over time for blood gas and hemodynamic variables were evaluated by analysis of variance (ANOV A) for repeated measures. When ANOV A was significant, comparisons were made with the least squares means test. Bonferroni's correction was applied (p < 0.05/n; where n = number of comparisons) when multiple comparisons were made. The corrected p value was considered statistically significant. The measurement scatter for regional CBF (rCBF) for the two groups was compared by Bartlett's test for homogeneity of variances (p < 0.05 considered significant). The cerebral pressure flow relationship for various brain regions was deter mined by block design analysis of covariance with CPP as the covariate. We looked for significant differences in slopes (CPP x experiment effect) and y intercepts (exper iment effect) between the individual experiments (5 mea surements relating rCBF to CPP in each experiment). If no differences in slopes or y intercepts were noted then the common slope and y intercept relating rCBF to CPP was used for further analysis. Between-group compari sons of slopes for the various brain regions was inter preted as the CPP x temperature effect from the statisti cal analysis; p < 0.05 was considered statistically signif icant. Block-design analysis of covariance was compared with the more usual linear regression analysis relating rCBF to CPP (globally pooling data from 45 separate ob servations (44 observations in Group N). The p values for the two statistical approaches were compared as an index of statistical power. A similar analysis was applied to the arterial -SSS oxygen content difference versus CPP data. Data are presented as mean ± SD.
RES ULTS
There were no significant differences between groups with respect to weight or to the dose of thio pental. For pooled data, the temperature in the nor mothermic group was 37. 0 ± O.loC and 27.6 ± 1.0°C in the hypothermic group. Blood gas and hemody namic data are shown in Table 1 . The P aco2, hemo globin, and pH were well controlled within and be tween groups during all periods of injection of ra dioactive microspheres. Between groups there was a significantly greater MABP (p < 0. 05) during Flow I, 2, and 3 in Group N. This was associated with a significantly greater CSFP during these mea surement periods, resulting in comparable CPP be tween groups for all five measurement periods.
For the six brain regions examined (frontal, pari etal, and occipital cortex, subcortical structures, cerebellum, and brain stem) there was no statisti cally significant difference in rCBF between the left and right sides, indicating adequate mixing of the radioactive microspheres.
The raw data for tCBF versus CPP for the two groups are shown in Fig. 1 . There are 45 measure ments in the hypothermic group and 44 in the nor mothermic group. One flow determination was dis carded in the normothermic group because of faulty withdrawal of radioactive microspheres from the brachial artery. A noticeably greater scatter in tCBF is evident in the normothermic experiments. Target CPP 70  Target CPP 60  Target CPP 50 86.5 ± 8.3" 74.9±8.1" 62.4 ± 11.0a 79.9 ± 9.4"·b 72.1 ± 12.3" 60.4 ± 11.7" 13.9 ± 3.9 12.6 ± 4.0a 10.7 ± 4.9" 9.3 ± 6.6b 9.7 ± 5.7b 8.1 ± 5.0 72.5 ± 7.4a 62.3 ± 5.7a 51.7 ± 6.8" 70.6 ± 5.8" 62.4 ± 8.2" 52.3 ± 7.9" 8.7 ± 1.7 8.7 ± 2.1 8.6 ± 1.9 8.9 ± 2.1 8.9 ± 1.9 8.9 ± 1.7 Cerebral Perfusion Pressure (mm Hg) analysis of covariance indicated that there was no difference in individual slopes between experiments in each group [CPP x experiment effect (p = 0.4834 and 0.1721 for Group N and Group H, respec tively)] or individual y intercepts between experi ments in each group [experiment effect (p = 0.8766 and 0.1810, respectively)]. The best-fit slope (CPP as covariate) was 0. 43 ± 0. 48 ml 100 g-I min -I mm Hg-' (p = 0.012) and y intercept 19 ± 39 for Group N. For Group H the best-fit slope was 0. 24 ± 0. 12 ml 100 g-I min -I mm Hg-1 (p = 0.017) and y intercept 0.65 ± 9.5. Because there were no signif icant CPP x experiment effects or experiment ef fects in either group, the covariate data for Group N could be reduced to an equation of the form tCBF = 0.43CPP + 19 (Fig. 1) , whereas for Group H the covariate data were reduced to the equation tCBF = 0.24CPP + 0.65 (heavy dotted lines). Between group difference in slopes approached statistical significance (p = 0. 059).
For globally pooled data, a linear regression anal ysis of tCBF versus CPP is seen in Fig. 1 . For Group N the heavy solid line is the solution to the least-squares regression analysis with tCBF = 0.43CPP + 35 (p = 0. 020). For Group H the heavy solid line is the solution to the equation tCBF = 0.09CPP + 12 (p = 0.049).
The block design analysis of covariance data and linear regression analysis data for hCBF and bsCBF versus CPP are shown in Table 2 . In all instances the significance level (p value) associated with the block-design analysis of covariance was lower than that seen for linear regression analysis except for bsCBF with normothermia. However, for both groups brainstem structures did not have statisti cally significant slopes relating flow and pressure (Table 3 ). For hCBF, there was a significant be tween-group difference for slopes with a steeper slope present for normothermic data (p = 0.032). This was not the case for bsCBF (p = 0.999).
The inverse relationship between the arterial - ; pressure flow studies, 44 data points; hypothermia group, n = 9; pres sure-flow studies, 45 data points. tCBF, total cerebral blood flow in ml l00 g-I min-I; hCBF, hemispheric cerebral blood flow; bsCBF, brainstem cerebral blood flow; CPP, cerebral perfusion pressure. Fig. 2 . For both groups, analysis of covariance revealed that CPP was a very strong covariate (p = 0.0001 for both). The arterial -SSS oxygen content differ ences across the cerebral hemispheres at given CPP values was very similar between the two groups.
SSS O2 contents versus CPP is shown in
In Group N, CMR02 averaged 2.8 ± 0. 7 ml O2 100 g -I min -I and in Group H it was 0.8 ± 0.2 ml O2 100 g-I min-I (p = 0.0001; between groups).
The ratio of oxygen consumption over a 10°C tem perature change (QlO) was 3.8 in this model. The CMR02 versus CPP data are shown in Fig. 3 . There was no correlation between these two variables in either group.
DISCUSSION
This study, in dogs, examined the cerebral pres sure-flow relationship during CPB with a-stat acid base management at normothermia (37°C) and mod erate hypothermia (28°C). For tCBF and hCBF, we have shown that the autoregulatory plateau is not horizontal but has a finite positive slope at both temperatures studied. This contention is also sup ported from our finding that for both groups there . 2. Raw data for arterial -SSS ox ygen content difference versus CPP for both temperature groups. The line of best fit for the normothermic group was Cont Diff = -0.037CPP + 7.0 (p = 0.0001) and for the hypothermic group Cont Diff = -0.039CPP + 6.6 (p = 0.0001). Ji,oo i
was a decreased oxygen content difference (Art -SSS O2 content) as CPP increased at constant an esthetic depth (stable barbiturate anesthesia to an isoelectric EEG). These findings differ from previ ously published results examining cerebral autoreg ulation during CPB with moderate hypothermia and a-stat acid-base management (Govier et aI. , 1984; Murkin et aI., 1987; Aladj et aI., 1991) . Clinically, preserved cerebral autoregulation is stated to be one of a number of reasons that the use of a-stat instead of pH-stat acid-base management is pre ferred for the conduct of CPB (Thomson, 1993) .
Our results for moderate hypothermia agree with those published by Greeley et aI. (1991) for more profound hypothermia. The cause of our conflicting findings may relate to the fact that we examined autoregulation with a canine model and not in humans as in other studies. However, we feel our experimental design and the accompanying block-design analysis of covariance Cerebral Perfusion Pressure (mm Hg) of our data permitted maximal statistical rigor for the investigation of whether cerebral autoregulation was preserved during a-stat CPB. In this study, CBF was measured multiple times using micro sphere methodology, over a CPP range of 50-90 mm Hg. We were able to tightly control other variables that could influence CBF such as hemoglobin con centration, P aco2 and pH. Some workers have sug gested that measurement of CBF during hypother mic CPB is critically time dependent as well (Prough et aI. , 1991; Rogers et aI. , 1988) . Hindman et aI. (1992) have recently suggested that the de crease in CBF seen during hypothermic CPB is a consequence of continued brain cooling. However, similar decreases in CBF have been shown by Warach et aI. (1987) in awake humans. Our model controlled for time-related effects by randomly al locating the five target CPP ranges (50-90 mm Hg) in each experiment.
We have demonstrated that the common slope Cerebral Perfusion Pressure (mm Hg) (CPP as covariate) generated by a block-design analysis of covariance is statistically appropriate (lack of either a CPP x experiment effect or exper iment effect when individual experiments were compared within each group). We feel that data that were analyzed in this fashion are reflective of how these experiments were done (multiple yet ran domly determined CBF-CPP points). In addition, the p values were consistently lower with the data modeled in this fashion (Table 2) . Note, however, that the linear regression analysis also indicates that a significant relationship exists between tCBF and hCBF versus CPP for both temperatures (p < 0.05 in each instance). But, our experimental design was such that pooling of data for our linear regression analysis differed from that usually undertaken. Five flow determinations per experiment, randomly allo cated, may have controlled for some of the con founding variables that can influence consistent measurement of rCBF. Had we failed to control for other variables, including time as described above, nonsignificant linear regression analyses may have resulted. This is most evident for tCBF with hypo thermia (p = 0.049). Data analyzed by linear regres sion analysis closely approximates the cut-off for statistical significance (p < 0.05), indicating CBF dependence on CPP (that is, impaired cerebral au toregulation) . Examination of Fig. 1 suggests that tCBF is much more heterogeneous during normothermic than hy pothermic bypass. In fact, a greater variance was seen for Group N by Bartlett's test for homogeneity of variances. A greater heterogeneity of CBF during normothermic bypass versus hypothermic bypass has recently been shown by others (Hindman et aI., 1992) . King et al. (1985) state that the various fac tors contributing to the observed variance with the radioactive microsphere technique is the sum of contributing variances. These include spatial, meth odologic, and temporal flow fluctuation variances. Which, if any, of these variances accounts for the differences between normothermic and hypother mic blood flow is not known. Regardless, less data scatter is evident in Group H. Reduced data scatter provides greater statistical power for linear regres sion analysis (by reducing the residual mean square, an estimate of experimental error; Steel and Torrie, 1960b) and may explain why impaired autoregula tion has been previously noted with profound hy pothermia but is not usually seen with moderate hypothermia (Greeley et aI., 1989; Taylor et aI., 1992) .
For the cerebral hemisphere, a significantly steeper slope for the autoregulatory curve was seen with normothermia than with moderate hypother-J Cereb Blood Flow Metab, Vol. 14, No.3, 1994 mia (p = 0.032). Thus, if these findings are appli cable to the clinical situation, the brain is poten tially at greater risk of ischemic damage during nor mothermic CPB as cerebral protection afforded by hypothermia and better preserved autoregulation to supratentorial structures are both lost. The differ ence in slopes approached statistical significance for tCBF as well (p = 0.059). That no temperature dependent difference in slopes was evident for tCBF may be due to the fact that the autoregulatory slopes were independent of temperature for brain stem structures (p = 0.999). These results confirm a previous finding from this laboratory, viz., brain stem structures demonstrate a flatter cerebral pres sure-flow relation than supratentorial structures (Patel and Mutch, 1990) . This study indicates that the effect is independent of temperature.
Our results indicate that the QlO for dog cerebral cortex is 3.8. This is higher than most previously published results. Michenfelder and Theye (1968) found QlO to be 2.43. In their study, QlO was deter mined in six dogs by regression analysis of 10 data points over a 6°C temperature range. Rosomoff and Holaday (1954) found QIO to be 3.3 from studies in four dogs. Bering (1974) found QlO to be 3.4 in dogs over a temperature range from 37 to 19°C. Recent work from Lazenby et al. (1992) has demonstrated a canine QlO varying between 3.73 and 4.11. Greeley et al. (1991) have recently demonstrated a QIO of 3.65 in infants and children. This is significantly higher than previously reported values of 2.4-2.8 in humans (Croughwell et aI., 1991; Prough et al., 1991) . Our data were derived from 44 and 45 deter minations of CMR02 in Group N and H, respec tively. The high Q I O calculated in our study may result from a number of factors: (a) Our data are perhaps most representative of cerebral hemi spheric QlO (instead of total cerebral Q I O) as we were able to correlate the arterial to SSS oxygen content difference for the cerebral hemisphere with matching measurements of hCBF using micro sphere methodology; (b) the calculation of QlO may have been affected due to indirect measurement of O2 contents with a Radiometer ABL-3 blood gas analyzer. With this blood gas analyzer, O2 content is calculated from the following formula: O2 content = 0.6206 x Hb x Sat + 0.00136 x P02 mmol/L where 0.6206 = conversion factor for Hb concen tration in mg% to mmol/L and 0.00136 = solubility coefficient for O2 in blood (mmol/L x mm Hg). However, we have compared these calculated re sults for oxygen content in canine blood with di rectly measured oxygen content in canine blood us ing a Radiometer OSM3 (a hemoximeter). Correla tions were very high (r 2 = 0.87-0.97 with a consistently high offset independent of O2 satura tion). These findings do not suggest a likely source of error for our calculation of QIO ' Our measurement of QIO was based on the CMR02 ratio from two groups of animals both on CPB. By controlling for time-related effects we feel our QIO measurements for CPB are stable. The CMR02 in the normothermic group had a range of 2.8 ± 0.8 to 3.1 ± 0.8 ml 02100 g-I min -l over the five microsphere injection periods. In the hypother mic group, CMR02 was 0.8 ± 0.2 to 0.3 ml O2 100 g-I min -I for all five injection periods. That time may have an effect on the determination of QIO dur ing CPB is evident from the study of the data of Greeley et aI. (1991) . Following 5 min of stable hy pothermic bypass, the ratio of CMR02 values at 28 and 19°C in two similar groups of patients was 0.63:0.16-a QIO of 4.6. When the same two groups are compared after 25 min of bypass, the ratio of CMR02 values at 28 and 20°C was 0.94:0.39-a QIO of 3.0. A similar time effect has been observed by Lazenby et aI. (1992) such that brain QIO values decreased with time. These changes in QIO over time may relate to continued cooling of the brain as indicated in the work by Hindman et aI. (1992) . Our measurements of QIO are also felt to be stable be cause our metabolic data comparing the two tem peratures were at stable deep barbiturate anesthesia (EEG isoelectricity). Thus, the CMR02 ratio is purely a consequence of the metabolic depression seen with decreasing temperature (Steen et aI., 1983) . The effect of temperature on volatile agent partial pressure has been eliminated. In a broader context, this experiment represents an attempt to study cerebral autoregulation by al tering CPP independently of the effects of pharma cologic intervention. As CPP was altered exclu sively by changes in perfusion flow rate, we avoided administration of vasopressors or vasodila tors-agents known to independently alter CBF (Patel and Mutch, 1990; Reynier-Rebuffel et aI., 1987; Tabaddor et aI., 1977; Tuor and McCulloch, 1986) . This study suggests that nonpulsatile CPB with a-stat management alters the ability of the cerebral circulation to auto regulate irrespective of temperature. Others have noted that in certain circumstances CPB affects cerebral flow-meta bolic coupling (Greeley et aI., 1993) . Such uncou pling could potentially influence cerebral auto regulation. Whether pulsatile CPB would have re sulted in retained cerebral autoregulation with a block design analysis of covariance of CBF-CPP data is an interesting but untested hypothesis. Re gardless, this study indicates that the experimental design and statistical analysis can influence the interpretation of whether cerebral autoregulation is intact.
In conclusion, we have used a canine model to study the cerebral pressure-flow relationship dur ing a-stat CPB. This model has enabled us to rigor ously demonstrate that CBF is dependent on CPP, that is, the autoregulatory plateau is not horizontal during CPB but has a positive slope during both normothermia and moderate hypothermia, during deep barbiturate anesthesia. Assumptions inherent in pooling of CBF data from multiple subjects are eliminated by our data analysis. Cerebral hemi spheric oxygen requirements, while on CPB, dem onstrated a QIO of 3.8 with this model. Possible ex planations for the high value for QIO are discussed. 
